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Abstract
There is currently a growing interest in increasing the amount of renewable energy
resources connected to the bulk electric system (BES) that stems from various environmental,
political, and social concerns. However, the differences between conventional generation
resources and inverter-based resources (IBR)—namely wind and solar—pose new issues that make
this increased integration a larger problem. In other studies, the increased penetration of renewable
energy resources has resulted in weak-grid systems that are more susceptible to collapse. This
comes as a result from the inability for IBRs to effectively provide enough reactive power, an
effect especially apparent during fault conditions, which the National Electric Reliability Council
(NERC) requires utility companies simulate and test. This paper seeks to examine the problems
surrounding the stability of the grid as increased renewable integration changes the impedance
profile of the system as a whole. By beginning with a minimized 6-bus system based on the
standard IEEE 14-bus system model, a comparison between current grid topologies and IBR-rich
topologies is made and preliminary conclusions drawn. These conclusions are followed by a
discussion of potential future work and possible other solutions to the problems faced during the
study.
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I.

INTRODUCTION

The American bulk electric system (BES) is currently made up of a diverse collection of
generation sources and load sinks. These sources are predominantly composed of conventional
fossil fuel burning power plants that are able to supply loads with their required demand very
reliably. The past few decades, however, have seen a notable shift toward increasing the amount
of renewable energy resources—wind and solar most notably—to provide electricity for the
consumer. This desire for cleaner electrical generation is motivated by environmental, social and
political concerns and is incentivized to big utility companies through the use of tax credits and
generation goals put in place by the American government [1].
The corporate and social benefits of increasing the amount of renewable generation plants
within a company’s footprint have driven many groups to begin widespread renewable integration
projects. However, these new installations cannot serve as identical replacements for conventional
generation sources. Renewable energy resources today require inverters to effectively connect to
the larger grid. These inverter-based resources (IBRs) have a different impedance profile and
different power limitations than conventional generators, thus having a discernable impact on the
grid. When beginning one of these renewable energy projects, companies must spend many hours
studying the influence of each new IBR plant. One of the primary concerns with the increased
number of IBRs is the ability of the grid to maintain voltage stability. This paper seeks to examine
the effects of a primarily IBR focused grid on voltage stability during system intact conditions and
a contingency event.
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A. Voltage Stability in General
Before examining the direct impact of IBRs on the electric power grid, it is important to have
an adequate background on voltage stability in general. Voltage stability is the electric system’s
ability to maintain voltage while load power changes [2]. If the load’s power requirements
increase, the system must able to supply additional power without drastic changes in bus voltages
in order to remain stable. Power requirements include both active and reactive components.
Stability takes line losses into account; therefore, if a bus requires a certain amount of power at
one end of a transmission line, the power consumption of the line must be known to yield a
balanced system.
Oftentimes, reactive power compensation is used to maintain the voltage at the load. Doing so
allows the load power to be increased. For this reason, reactive power compensation is frequently
an alterable variable within the power system, with switching components allowing varying
degrees of reactive compensation to be applied at different times. That being said, in a situation
where the load power has been increased and a voltage instability event occurs, this compensation
may not be enough and collapse could be more likely due to the presence of additional load.
Voltage collapse is usually a culmination of several voltage instability events that cause equipment
switching, generator tripping, tap changes, and even operator actions to behave abnormally in an
effort to once again supply adequate power to the load [3]. Following voltage collapse, it can take
minutes or hours to correct the system which could pose a large issue for the customer.
The ability to maintain voltage stability or effectively recover after a voltage event has often
been referred to as voltage security [2]. It is the goal of any system operator to maintain high levels
of voltage security. Because voltage stability is not a clearly defined value, it is oftentimes
classified in terms of margin—that is, the amount of additional load that can be supported, the
2

amount of increased system impedance that can be stayed or the severity of a voltage event that
can be withstood. System planning is a large part of maintaining high levels of system security.
Minimizing transmission line congestion and ensuring that additional generation is available at a
moment’s notice are just two of the ways that utility companies ensure the grid operates reliably.
That being said, no plan is foolproof, and widespread changes in the grid require more studies to
be performed. The following sections examine the influence of these new resources on the current
electrical grid and how one can estimate the magnitude of this influence.
B. Grid Stability
Grid stability is defined as the ability of grid-connected generators to supply the required active
and reactive power to grid-connected loads. In this way, a grid can maintain stability by constantly
providing the power that is being requested and actively adjusting power output based on changes
in load. In the United States, power is transferred through the grid at a frequency of 60 Hz. All of
the generators and motors that are connected to the grid are therefore synchronized at this
frequency, working together to service whatever load is needed at any given moment.
Perhaps the best way to visualize grid stability is to examine the P-V curve of the system, an
example of which is given in Figure 1. The P-V curve shows the relationship between load power
(PL) and load voltage (VL) under constant impedance (XTh) and reactive power (QL). The shape of
the curve can also be altered by changes in impedance and reactive power, as exhibited by
changing reactive power Q in Figure 2. In order to maintain stability, the BES must operate on the
top (blue) portion of the curve. The right-most tip of the curve represents the maximum loadability
(or instability limit) of the system. As the characteristics of the grid change, the result of (1.1) [4]
changes to affect the stability limit of the system as a whole. Sudden or very large changes can
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push the operating point to the lower portion of the curve, resulting in voltage instability and
possible collapse.

Figure 1. Example of a P-V curve of an electrical system, given to illustrate the regions of
stability of a power system [4]

Figure 2. Example of several P-V curves where reactive power Q is also altered [4]

𝑉𝐿 = √

2
4
𝐸𝑇ℎ
𝐸𝑇ℎ
2
− 𝑄𝐿 𝑋𝑇ℎ ± √
− 𝑋𝑇ℎ
𝑃𝐿2 − 𝑋𝑇ℎ 𝐸𝑇ℎ 𝑄𝐿
2
4

(1.1)

A fault can cause generation to be unable to keep up with load. This could look like a large
generator suddenly failing, a load tripping offline for some reason or a transmission line becoming
unusable. In any fault circumstance, the characteristics of the P-V curve change the point of
4

operation and could even change the shape. In severe instances, if the power requested by the load
surpasses the maximum loadability, the voltage will begin to drop and with it, power. This
inevitably causes voltage and frequency to sag. If the grid is unable to quickly provide additional
generation, the instability event could increase in magnitude and load shedding (blackout)
conditions might be warranted to protect equipment. Fortunately, most conventional generators
are not run at their maximum output and can easily ramp up during a fault condition, rectifying the
ratio of supplied to demanded power. This is not necessarily the case for IBRs that can operate on
margin and lack a consistent 60 Hz signal.
1) Stability of Conventional Generators
All conventional turbine-based generators operate on the concept of inertia—the idea that an
object in motion will remain in motion. The motion of all grid-connected generators is
synchronized to a spinning 60 Hz signal. Because generator turbines have large masses, they tend
to continue to spin at a frequency of around 60 Hz. Therefore, during a fault condition where
another generator trips offline and is unable to produce more power, the rest of the generators will
compensate by spinning slower, converting a portion of their rotational inertia into electrical
energy in an effort to maintain the desired voltage. This action is relatively automatic and allows
grid operators enough time to either ramp up current generators or bring new generators online. In
this way, maintaining grid stability during fault conditions with conventional generators is easy as
long as there is enough latent power available in the system to compensate any losses.
2) Synchronization and Stability of IBRs
Most IBRs do not naturally generate a 60 Hz voltage. Solar PV farms produce a dc signal that
must be converted to ac at the appropriate frequency. The frequency of a wind turbine is highly
dependent on the turbine type, rotor tilt, airspeed, among other variables. These devices can
5

therefore be very difficult to tie in to a synchronized grid and are typically synchronized using
computation. This being the case, most grid connected inverters are operated as grid followers that
track the phase angle and frequency of the grid using a phase lock look feedback system [5]. This
fact is often overlooked in simulation studies, with simulations modeling IBRs as a conventional
generator that can produce needed energy on demand. In reality, the output of renewable resources
is very difficult to control directly, relying on environmental factors to provide limits to the amount
of energy generated. During a fault condition, IBRs also lack the inherent spinning mass inertia
seen in conventional generators to provide time for other generation to come online.
Oversaturation of IBRs could there create a cascading failure effect, where, if a crucial spinning
generator fails, the voltage and angle response of IBRs would not be able to respond fast enough
to meet the required load.
Another significant issue with IBRs is their inability to produce large amounts of reactive
power on demand. Reactive power generation is a characteristic that conventional generators have
but is lost when using an inverter. It is true that IBRs are able to produce some reactive power.
This power is derived from capacitors coupled with the inverter specifically for this purpose.
However, these capacitors are of limited size and IBRs must operate within their reactive power
limits. In the event that a limit is reached, IBRs must drop their terminal voltage to be able to
continue providing needed power. Decreasing the voltage below normal terminal settings is not
ideal, for it leads to underutilization of the resource. New technologies and programs have been
designed to handle these issues at higher costs, both monetarily and in complexity [6], [7], [8].
A great deal of research has gone into the issue of synchronizing IBRs to the grid while
maintaining stability. The issue of grid strength at different points of interconnect has been an area
of great interest in both industry and academia, utilizing several methods to determine if injecting
6

IBR-based energy at certain points increases the likelihood of an instability event, [9], [3], [10].
Many methods focus on wind turbine generator type like the variable speed wind generators
discussed in [11] or the double feed induction generators in [12]. Others consider IBRs to be
voltage followers, adjusting their electronically controlled frequency and voltage quickly
following a disturbance event, [5].
C. Proposed Solution
This research examines how an electrical system using exclusively IBRs will withstand a
simple fault condition. A comparison between the power consumption and voltage stability of the
system under system intact conditions and fault conditions will be made in an effort to show the
importance of an IBR’s ability to provide reactive power to uphold system stability. The study
performed in this report is intended as a stepping stone toward future studies. The results presented
here were generated on a simplified model whose intent was to imitate a larger power system;
however, further investigation into the effects of widespread IBR use on larger systems is advised.

II.

APPROACH AND METHODS

The following section outlines the approach and methods used to verify the theoretical
response of the grid to changing IBR circumstances. It follows the development of the test model
and derivations of the solution method—namely power flow solution through the NewtonRaphson solution strategy. Understanding this process will make analyzing the effect of high IBR
penetration on voltage stability more straightforward. Reference [13] provided the equations given
and was used as a guide in using them.
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A. The Newton-Raphson Method
The Newton-Raphson solution method is one of the most common ways to solve power
systems problems. It is an iterative method that uses matrices to solve a system of nonlinear
algebraic equations. Rather than using “old values” during the iteration process like the Jacobi or
Gauss-Seidel iterative methods, Newton-Raphson uses the Jacobian matrix composed of the partial
derivatives of the equations to be solved. This solution method is used because it usually results in
a fast convergence, meaning that the solution to the equations is found with minimal iterations.
Solving the Newton-Raphson equations for a power flow problem involves examining the
phase angle 𝛿, voltage 𝑉, real power 𝑃 and reactive power 𝑄 at each bus. The per unit values of
these variables are combined into the matrices shown below in (2.1) to (2.2). In the case of the
system considered in this project, the 𝑁 used is 6, representing the number of buses. It may be
noted that the variables 𝛿1 and 𝑉1 have been omitted from the equations. These represent the values
for the swing bus which are already known. Convergence is determined by measuring the
difference between 𝑦 and the 𝑓(𝑥) elements, the latter of which is calculated during each iteration.
𝛿2
⋮
𝛿𝑁
𝛿
𝑥=[ ]= 𝑉
𝑉
2
⋮
[𝑉𝑁 ]
𝑃2
⋮
𝑃𝑁
𝑃
𝑦= [ ]= 𝑄
𝑄
2
⋮
[𝑄𝑁 ]
𝑃2 (𝑥)
⋮
𝑃𝑁 (𝑥)
𝑃(𝑥)
𝑓(𝑥) = [
]=
𝑄2 (𝑥)
𝑄(𝑥)
⋮
[𝑄𝑁 (𝑥)]

(2.1)

(2.2)

(2.3)
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The first step in the Newton-Raphson method is to calculate 𝑓(𝑥) using (2.4) and (2.5). These
equations begin to use Y𝑘𝑛 and 𝜃𝑘𝑛 , values from the admittance matrix of the system. The
admittance matrix 𝑌𝑏𝑢𝑠 is a matrix constructed from line and transformer data found within the
model [13]. It is an N-by-N matrix that maps each connection between buses. The admittance
matrix can be split into two separate matrices, one representing the magnitude 𝑌 of per unit
admittance and one representing the corresponding angles 𝜃. The diagonal elements of the
admittance matrix 𝑌𝑘𝑘 contain the sum of the admittances connected to the bus specified by 𝑘. The
off-diagonal elements 𝑌𝑘𝑛 represent the admittance connected between buses 𝑘 and 𝑛. The setup
for the 𝜃 matrix operates in the same way. With these matrices constructed, the following two
equations can be solved and 𝑓(𝑥) can be filled in.
𝑁

𝑦𝑘 = P𝑘 = P𝑘 (𝑥) = V𝑘 ∑ Y𝑘𝑛 V𝑛 cos (𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )

(2.4)

𝑛=1
𝑁

𝑦𝑘+𝑁 = Q 𝑘 = Q 𝑘 (𝑥) = V𝑘 ∑ Y𝑘𝑛 V𝑛 sin(𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )

(2.5)

𝑛=1

The next step is to construct the Jacobian matrix. A Jacobian matrix is a matrix consisting of
the partial derivatives of a system of equations. In the case of a power system problem, the
derivatives are taken as 𝑦 with respect to 𝑥—in other words

𝑑P
𝑑𝛿

,

𝑑P
𝑑V

,

𝑑Q
𝑑𝛿

and

𝑑Q
𝑑V

. Each of these

derivatives make up one block of the completed Jacobian matrix, seen in (2.6) and (2.7). Each
derivative shown in (2.7) has a corresponding equation given in Table 1. As can be noticed, there
are differences between the diagonal and off-diagonal equations. These equations are derived from
(2.3) and (2.4) above.
𝐽
𝐽=[1
𝐽3

𝐽2
]
𝐽4

(2.6)
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𝑑𝑃2
𝑑𝛿2
𝐽1 = ⋮
𝑑𝑃6
[𝑑𝛿2

⋯
⋱
⋯

𝑑𝑄2
𝑑𝛿2
𝐽3 = ⋮
𝑑𝑄6
[ 𝑑𝛿2

⋯
⋱
⋯

𝑑𝑃2
𝑑𝛿6
⋮
𝑑𝑃6
𝑑𝛿6 ]

𝑑𝑃2
𝑑𝑉2
𝐽2 = ⋮
𝑑𝑃6
[𝑑𝑉2

𝑑𝑄2
𝑑𝛿6
⋮
𝑑𝑄6
𝑑𝛿6 ]

𝑑𝑄2
𝑑𝑉2
𝐽4 = ⋮
𝑑𝑄6
[ 𝑑𝑉2

⋯
⋱
⋯

⋯
⋱
⋯

𝑑𝑃2
𝑑𝑉6
⋮
𝑑𝑃6
𝑑𝑉6 ]
𝑑𝑄2
𝑑𝑉6
⋮
𝑑𝑄6
𝑑𝑉6 ]

(2.7)

Table 1. Jacobian Derivative Equations
Diagonals 𝒏 ≠ 𝒌
𝑁

𝐽1𝑘𝑘 =

𝑑𝑃𝑘
= −𝑉𝑘 ∑ 𝑌𝑘𝑛 𝑉𝑛 sin (𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )
𝑑𝛿𝑘
𝑛=1
𝑛≠𝑘

𝑁

𝐽2𝑘𝑘

𝑑𝑃𝑘
=
= 𝑉𝑘 𝑌𝑘𝑘 cos 𝜃𝑘𝑘 + ∑ 𝑌𝑘𝑛 𝑉𝑛 cos(𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )
𝑑𝑉𝑘
𝑛=1

𝑁

𝐽3𝑘𝑘

𝑑𝑄𝑘
=
= 𝑉𝑘 ∑ 𝑌𝑘𝑛 𝑉𝑛 cos(𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )
𝑑𝑉𝑘
𝑛=1
𝑛≠𝑘

𝐽4𝑘𝑘 =

𝑁

𝑑𝑄𝑘
= −𝑉𝑘 𝑌𝑘𝑘 sin 𝜃𝑘𝑘 + ∑ 𝑌𝑘𝑛 𝑉𝑛 sin(𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )
𝑑𝑉𝑘
𝑛=1

Off-Diagonals 𝒏 ≠ 𝒌
𝐽1𝑘𝑛 =

𝑑𝑃𝑘
= 𝑉𝑘 𝑌𝑘𝑛 𝑉𝑛 sin(𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )
𝑑𝛿𝑛

𝑑𝑃𝑘
= 𝑉𝑘 𝑌𝑘𝑛 cos(𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )
𝑑𝑉𝑛
𝑑𝑄𝑘
𝐽3𝑘𝑛 =
= −𝑉𝑘 𝑌𝑘𝑛 𝑉𝑛 cos (𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )
𝑑𝛿𝑛
𝑑𝑄𝑘
𝐽4𝑘𝑛 =
= 𝑉𝑘 𝑌𝑘𝑛 sin (𝛿𝑘 − 𝛿𝑛 − 𝜃𝑘𝑛 )
𝑑𝑉𝑛
𝐽2𝑘𝑛 =

Of particular note are 𝐽2 and 𝐽3. These equations represent the change in power, both active
and reactive, with respect to voltage and have a direct relationship to the graph shown in Figure 2.
Because 𝐽2 and 𝐽3 are derivatives, they represent the slope of Figure 2. During stable operation,
the slope points gently downward. However, as voltage and admittance values change, this slope
can be forced into a steeper and steeper position. If this derivative ever becomes undefined, the
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system is operating at its instability limit and is at risk of becoming unstable. 𝐽2 and 𝐽3 are therefore
important to monitor when monitoring for the stability of a system.
The results from Table 1 are inserted into (2.6) and the resulting matrix is used to back-solve
for the change in 𝛿 and V . The values are then added to the previous values of 𝛿 and V to determine
the next values. The entire process is then repeated until convergence is reached. In a power
problem, convergence is reached when the Δ𝑦 (where Δ𝑦 is the change in P and Q from one
iteration to the next) becomes smaller than some pre-determined value.
To simplify the process, the values for voltage-controlled buses can be eliminated because their
V values are already known. This reduces the dimension of the Jacobian and thus can lead to
convergence in less time. The values can also be left in the equations as long as the voltage value
of the voltage-controlled buses are replaced after each iteration [13].
B. Model Design
A simplified test grid was developed to model the effects of increased IBR reliance on grid
stability while maintaining a small enough solution set to be manageable. The system, shown in
Figure 3, contains six buses, four of which are interconnected in a central grid. Bus 1 will serve as
the swing bus, producing any extra power that may be needed. Three loads are connected to buses
2, 3, and 4. Two generators are connected to the grid through buses 5 and 6. These buses may
represent either wind (bus 5) or solar PV farms (bus 6).
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Figure 3. 6-bus weak grid IBR system used for testing
The transmission line impedance values—that is, the impedance values between buses 1, 2, 3
and 4—were selected from the IEEE standard 14-bus test system as modeled in [14] by the
University of Illinois at Urbana-Champaign. The values shown in Appendix A were selected from
buses with similar conditions (e.g. number of connected buses, associated loads and/or generators).
The lines between buses 1 and 5 and buses 4 and 6 were chosen to model transformers, meaning
the real values of their impedance were set to zero. The decision to make these lines transformers
comes from the commonplace method of using a feeder bus/transformer combination to connect
energy resources to the grid (example shown in Figure 4). The initial values for the IBR
impedances were selected from a study being performed by Doug Bowman [15]. All impedances
were converted to the per unit values using a base voltage of 138 kV and a base power of 100
MVA.
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Figure 4. Example of typical point of interconnect for an IBR [15]
To fully examine the changes in grid stability due to the use of exclusively IBR impedance,
the load and generation values will be changed throughout the study. The reactive power required
by the system will be swept from an initially stable value into a range of instability. From there,
the output of the IBRs will be manually altered to force the system back into the range of stability
at the expense of underutilizing the resources. The change in active and reactive power produced
by the IBRs will be noted and used to draw conclusions.
C. Model Implementation
The model from Figure 3 was implemented in MATLAB Simulink as a 3-phase grid system
(shown in Figure 5). This model makes use of a modified PI design for modeling transmission
lines (Figure 6), two winding 3-phase transformer blocks for modeling transformers, and a threephase breaker for simulating a fault. The loads at bus 2 and bus 3 were selected to be general 3phase parallel RL loads with adjustable power to simulate different conditions. The final load was
constructed manually to allow for the internal impedance and power consumption to be easily
altered (see Figure 7). The generation sources were chosen to be standard 3-phase sources with
variable internal impedance. The impedance values were set to standard IBR impedance values as
specified in [15]. The values of the generator impedance can be found in Appendix A.
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Figure 5. MATLAB Simulink 6-bus model

Figure 6. Modified PI design for modeling transmission lines
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Figure 7. Modified load design used for adjusting parameters at load 4
The entire system is monitored with voltage, current and power scopes mapped to buses 1
through 4. During a fault, these scopes will reveal how each bus reacts to a changing grid system.
Of particular note are the scopes at bus 4 where the load will be altered during testing.
D. Testing Methodology
The IBRs were stress tested by altering the power requirements of the system. Starting with a
converging model, the reactive power of the load at bus 4 was increased until the solar IBR
connected to the same bus exceeded the 25 MVAR limit. At that point, the output voltage of the
IBR was dropped by 2% and the test was run at the same reactive power level before being
increased again. In all, a total of 4 simulation schemes were tested. Two of the simulation schemes
were performed under system intact conditions, one with the reactive power restrictions and the
other without. The other two schema included a contingency (specifically tripping transmission
line 1-4). These two simulations were also divided into requiring and ignoring reactive power
limits. This combination of tests can provide an ample comparison between how an IBR-dense
grid reacts during a contingency and with reactive power limits.
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III.

SIMULATION AND RESULTS

Testing was performed in two phases. The first phase of testing was performed during
system intact conditions. This would serve as a baseline for the behavior of the system. Phase 1
was further divided into a test with and a test without IBR reactive power limits. The second phase
of testing examined the system with an N-1 contingency—namely a 3-phase fault on the bus 1-4
transmission line. This test was also performed with and without IBR reactive power limits. The
PV and QV curves of all four tests are discussed in the following subsections.
A. System Intact
System intact testing was performed to serve as a baseline comparison between the effect of
IBR reactive power limits and unlimited reactive power generation. To best view the difference,
the P-V and Q-V curves of the tests with and without the reactive power limits were plotted side
by side. These can be seen in Figure 8 and Figure 9, where blue represents the test with limits and
orange represents the test without limits.
For both simulations, the internal impedance of the load at bus 4 was decreased in 2% steps.
This in turn increased the amount of power—both active and reactive—required by the bus. During
the test without the reactive power limitation, the output of the IBR was kept at a constant 34.5 kV
throughout the entire simulation set. This allowed the IBR to produce as much reactive power as
was needed. During the test with limitation, if the generators output reactive power increased
above the 25 MVAR limit, the IBR’s output voltage was decreased by 2% in an effort to keep the
IBR’s reactive output within the limits. The IBR’s output voltage was decreased until changes in
voltage were unable to reduce the output reactive power below the specified limit. At this point,
the IBR would no longer be able to function and the system would collapse if pushed further.
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P-V Curve: System Intact
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Figure 8. P-V curve of system intact simulations

Q-V Curve: System Intact
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Figure 9. Q-V curve of system intact simulations
By plotting the P-V and Q-V curves for both situations, it quickly becomes clear that a
generator without a reactive power limit is able to maintain stability for a substantially larger range
of requested powers. Figure 8 and Figure 9 clearly show both the stable and unstable regions of
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P-V and Q-V curve indicated by the example shown in Figure 1. The most striking difference
between the results shown above is the disparity between the two. Both the active and reactive
power curves of the limited IBR simulations fall far short of the simulations where the output was
not limited. While an unlimited system, closely related to a more conventional generator, is shown
to generate potentially up to 800 MW and 460 MVAR, the limited version can only produce up to
about 280 MW and 165 MVAR, approximately 35% the output of the unlimited generator.
The results from the first simulation set suggest a similar pattern will be followed during the
N-1 contingency phase, where conditions will be worse for maintaining system stability. This
prediction will be examined next.
B. N-1 Contingency
The first set of simulations represent a sort of “best case” scenario where the system is not
subject to any outages and is able to operate at its maximum capacity. However, in an effort to
maintain reliability, NERC requires that utility companies simulate the effects of contingencies
(faults) on their grid. These have the potential to fundamentally change the shape of the grid.
Therefore, the limited and unlimited reactive power simulation sets ran above were also completed
on the most detrimental N-1 contingency present in the tested model.
The test contingency was made up of a 3-phase fault on the bus 1-bus 4 transmission line that
took place for 6 electrical cycles starting at 10/60 seconds. This was followed by a pair of breakers
being thrown at 16/60 seconds, decommissioning that transmission line for the remainder of the
simulation. An image of the contingency setup can be seen in Figure 10. This was chosen as the
most critical outage because losing the direct link between bus 1 and 4 would further isolate the
two generators in the simulation. Power from the slack bus (bus 5 IBR) would have to flow around
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the fault through buses 2 and 3 in order to supply the load at bus 4 if the local IBR (bus 6 IBR)
was unable to produce enough power.

Figure 10. Contingency used for N-1 simulations
To test the impact of this contingency, the same set of tests were run on the system. In both
cases, the load 4 impedance was stepped down in 2% intervals, allowing the load to require more
active and reactive power. In one case, the IBR was allowed to generate an unlimited amount of
reactive power; in the other, the IBR was limited to producing less than 25 MVAR. This limit was
tested against the new steady state power requirements—that is, the power required after the fault
was cleared. As was done before, the P-V and Q-V curves for both of these situations were plotted
against each other, and the results can be seen in Figure 11 and Figure 12.
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P-V Curve: N-1
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Figure 11. P-V curve of N-1 contingency simulations

Q-V Curve: N-1
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Figure 12. Q-V curve of N-1 contingency simulations
Once again, the reactive power limits on the IBR severely limited the amount of output power
that could be produced. While the unlimited generator was able to produce up to 750 MW and 435
MVAR, the IBR was restricted to about 215 MW and 125 MVAR. In this circumstance, the IBR
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was only able to produce 28% of what a more conventional generator could do. Given that this is
an even lower portion than the system intact condition, the IBR became less reliable compared to
a conventional generator during the worst-case N-1 contingency event.
The contingency demonstrated above is only an N-1 contingency that represents what happens
when a single transmission line trips offline. In industry, contingency analysis is performed on
important outages several orders higher than N-1. The reduction in load capacity provided by a
single N-1 contingency was severe, but further reduction could be caused by compounding
outages. For instance, if the transmission line from bus 3 to 4 fell out of service after the given
contingency, power would then be limited to traveling through bus 2 to supply load 4. This would
put more pressure on the IBR at bus 6, limiting load even further. In extreme events, the lack of
IBR support could lead to load shedding in the event that demand increases past a certain point.
IV.

CONCLUSIONS

This study has shown that IBRs lack the generational reliability inherent in more conventional
generators. In a system containing only IBR generators, the reactive power limit of a single IBR
significantly reduced the load capacity of the system in both system intact and worst-case N-1
contingency analysis. In both cases, the limitation placed on the IBR reduced load capacity at the
POI bus by greater than 40%. In the real world, this limit could stunt load growth in certain areas
or require additional equipment to provide support to IBRs during instability conditions.
The results given in this paper represent a tradeoff when it comes to IBR-based renewable
generation as a whole. Although it is desirable to replace fossil fuel generators with solar farms
and wind turbines, this transition may not be possible immediately. In an effort to design a greener
grid, reliability and load capacity would have to be sacrificed. There have been some steps made
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toward making this difficulty more sustainable. Research into control systems to improve IBR
ride-through of disturbance events have been examined in [8]. Shunt capacitors have been used in
similar applications to supply power factor correction and feed reactive power when needed [16].
There is even discussion of producing reactive power on-site [17] or integrating into PV plants
themselves [18]. In any case, strides are being made in an effort to increase the feasibility of
shifting electric grids around the world to more sustainable designs.
A. Future Work
The conclusions presented in this report were generated by simulating a simplified power
system designed to effectively model the conditions present in a grid-scale system. There are,
however, nuances that may be present in larger systems that would be difficult to test using a
minimized bus system. It would therefore be prudent to test these results on systems of various
sizes and using various pieces of software. This would serve to confirm the conclusion that IBR’s
are unable to provide reactive power support during system intact conditions and during N-1
contingencies.
An investigation into the effects of specific types of IBRs would also be highly beneficial. This
report used a more generalized model of IBR admittances, commonly referring to them as “wind
resources” but actually representing a general case. Although it is true that IBRs interact with the
grid in very similar ways, every piece of equipment operates differently and an investigation into
the influence of different type of IBRs using generation-specific admittance models could be
beneficial to the planning process.
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APPENDIX A
Below are the values used for the transmission lines evaluated in this report. They were taken
from the IEEE 14-bus system as provided by [14]. The values in Table 2 are given in engineering
and per unit values.
Table 2. Transmission Line Parameters
Transmission
Line
1-2
1-3
1-4
1-5
2-4
3-4
4-6
Wind@5 (IBR1)
Solar@6 (IBR2)

Resistance (Ω)

Inductance (H)

Resistance (p.u.)

Inductance (p.u.)

12.597
32.551
42.072
0
18.087
23.406
0
6.66e-4
1.05e-5

0.0658
0.1758
0.1009
0.1273
0.1004
0.0787
0.1273
1.841e-4
7.596e-5

0.06615
0.17093
0.22092
0
0.09498
0.12291
0
0.13582
0.00214

0.13027
0.34802
0.19988
0.25202
0.19890
0.15581
0.25202
0.03757
0.01550
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